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The neurotensin (NTS)/neurotensin receptor (NTSR) axis in chronic B cell leukemia regulates B cell proliferation. We questioned whether a similar NTS/NTSR axis was functional in acute myeloid leukemia (AML), and to
what extent it could become a pharmacological target for epigallocatechin-3-gallate (EGCG), a diet-derived
polyphenol with chemopreventive properties. Analysis of NTS, NTSR1, NTSR2, and NTSR3 gene expression in
AML patients using Kaplan-Meier plots highlighted NTSR3 as a poor clinical prognosis biomarker. EGCG was
tested on NTSR3 function and gene/protein expression in undiﬀerentiated and phorbol 12-myristate 13-acetate
(PMA)-diﬀerentiated HL-60 cells, an acute promyelocytic leukemia subset cell line model from AML, which can
diﬀerentiate into CD11bHigh/CD14Low adherent macrophages. We found that high level of gene, total protein,
and cell surface expression of NTSR3 correlated with clinical samples of highly diﬀerentiated CD11b hematopoietic cells. Increased NTSR3 expression, NTS internalization, and matrix metalloproteinase-9 expression, was
recapitulated in HL60-diﬀerentiated CD11bHigh macrophages, where chemotaxis in response to NTS was reduced
through decreased Erk, MEK and Src signaling. EGCG prevented PMA-induced CD11b expression, NTS internalization and NTSR3-induced expression. Targeting of hematopoietic cell diﬀerentiation by EGCG could alter
the NTS/NTSR3 signaling axis and possibly prevent the acquisition of an invasive phenotype.

1. Introduction
Soluble neuropeptide factors regulate a series of physiological
functions in the central nervous system (CNS) and believed to stimulate
the proliferation and migration of tumor cells [1]. As such, the oncogenic actions of neurotensin (NTS) have been described in diﬀerent
types of human cancers to primarily occur during the early stages of cell
transformation [2]. Cell diﬀerentiation status may therefore play a
crucial role in the extent of NTS physiological and pathological response levels. This has been reported, for instance, in the early stages of
hemopoietic diﬀerentiation where NTS loses its physiological eﬀect
upon terminal diﬀerentiation, presumably through the down-regulation
of NTS receptors (NTSRs) [3]. On the other hand, cell diﬀerentiation
status is also shown to regulate NTSRs expression in undiﬀerentiated
primary cultured neurons as they remain undetectable in the

undiﬀerentiated state but do increase during diﬀerentiation [4]. Differential expression of NTS and NTSR must therefore be better understood in order to design optimized therapeutic interventions in line
with speciﬁc cell diﬀerentiation status [5,6].
Levels of NTSR1 and NTSR2, two NTSRs characterized as G proteincoupled receptors, were recently assessed in normal and malignant
human B lymphocytes, suggesting that a NTS/NTSR axis in chronic B
cell leukemia may regulate the onset of B cell diseases [7,8]. The third
NTS receptor NTSR3 is referred to as Sortilin and belongs to the Vps10p
intracellular protein family, embedded in the endoplasmic reticulum/
Golgi compartment [9,10]. NTSR3 is characterized by an intracellular
cytoplasmic domain where sorting motifs regulate its subcellular distribution [11,12]. NTSR3 cellular functions include intracellular sorting
of proteins, as well as engaging in signaling as a (co)receptor complexes
[13]. Interestingly, when expressed alone, NTSR3 serves as a functional
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receptor regulating cell migration [14]. How its expression associates
within a speciﬁc cell diﬀerentiation status remains unknown.
The human HL-60 promyelocytic leukemia cells are, among the
several characterized leukemic cell lines, useful in understanding the
process involved in cells which diﬀerentiate into mature myelomonocytic lineages [15]. As such, the tumor-promoting and protein kinase C
activator phorbol 12-myristate 13-acetate (PMA) can elicite diﬀerentiation of HL-60 cells into mature functional monocytic/macrophagelike cells [16]. Macrophage diﬀerentiation further correlates with metastasis and inﬂammation events involving high secretion of collagenase MMP-9 [17–20]. Given chemokines play an important role in
the recruitment of monocytes into cancer niches [21,22], and that upon
chemotactic migration into the tumor niche, monocytes diﬀerentiate
into macrophages [23], it was valuable for us to assess in this study the
expression of the three NTSRs in HL-60 cells during their diﬀerentiation
process into macrophages.
Transendothelial migration mechanisms of promyelocytic leukemia
HL-60-derived macrophages has recently been inferred [24]. This was
conﬁrmed in vitro by the use of a blood-brain barrier (BBB) model and
supports a potential CNS inﬁltration by circulating leukemic cells.
However, the physiological function of the NTS/NTSR axis in macrophage chemotaxis and implication in neuro-inﬂammation in the CNS
are poorly understood [25,26]. Exploiting its pharmacological properties and using diet-derived epigallocatechin-3-gallate (EGCG) may be
envisioned in future anti-neuroinﬂammatory strategies. Accordingly,
targeting of pro-inﬂammatory mediator signaling was suggested to
prevent inﬂammation in neurodegenerative diseases [27,28]. Moreover, a protective eﬀect of tea intake was recently reported among
myeloid malignancies, which was more evident among acute myeloid
leukemia (AML) [29]. Here, we speciﬁcally evaluated the NTS/NTSR
signaling functions, and whether EGCG could prevent NTS-mediated
chemotaxis upon macrophage diﬀerentiation.

of high-quality data set in hematopoietic cell types.
2.3. Cell culture
The human HL-60 acute promyelocytic leukemia cell line was purchased from American Type Culture Collection (Manassas, VA) and
maintained in Iscove`s modiﬁed Dulbecco’s medium (Gibco Invitrogen
Cell Culture Systems, Burlington, ON) containing 20% (v/v) fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT), 2 mM glutamine,
100 units/ml penicillin, 100 μg/ml streptomycin, and were cultured at
37 °C under a humidiﬁed atmosphere containing 5% CO2. Currently,
diﬀerent experimental protocols deﬁne PMA-mediated HL-60 cells differentiation into "macrophage-like cells" in time, alone or in combination with other molecules. HL-60 macrophage diﬀerentiation conditions are herein deﬁned as the adherent subpopulation of HL-60 cells
immediately harvested upon 24 h treatment with 30 μM PMA.
2.4. Immunoblotting procedures
Undiﬀerentiated suspensions or adherent PMA-diﬀerentiated HL-60
cells were lysed and proteins were separated by SDS–polyacrylamide
gel electrophoresis (PAGE). After electrophoresis, proteins (30 μg) were
electrotransferred to polyvinylidene diﬂuoride membranes, which were
then blocked for one hour at room temperature with 5% nonfat dry
milk in Tris-buﬀered saline (150 mM NaCl, 20 mM Tris-HCl, pH 7.5)
containing 0.3% Tween-20 (TBST; Bioshop, TWN510-500). Membranes
were further washed in TBST and incubated with the respective antiprimary antibodies (1/1,000 dilution) in TBST containing 3% BSA and
0.1% sodium azide (Sigma-Aldrich Canada, S2002), followed by a 1 h
incubation with horseradish peroxidase-conjugated donkey anti-rabbit
or anti-mouse IgG at 1/2,500 dilutions in TBST containing 5% nonfat
dry milk. Immunoreactive material was visualized by ECL.

2. Material and methods

2.5. Gelatin zymography

2.1. Materials

Gelatin zymography was used to assess the extent of proMMP-9
gelatinolytic activity in serum-starved undiﬀerentiated vs PMA-treated
HL-60 cells as previously described [18]. Brieﬂy, an aliquot (20 μl) of
the culture medium was subjected to SDS-PAGE in a gel containing 0.1
mg/ml gelatin, a substrate that is eﬃciently hydrolyzed by proMMP-9.
The gels were then incubated in 2.5% Triton X-100 and rinsed in nanopure distilled H2O. Gels were further incubated at 37oC for 20 h in 20
mM NaCl, 5 mM CaCl2, 0.02% Brij-35, 50 mM Tris-HCl buﬀer, pH 7.6,
then stained with 0.1% Coomassie Brilliant blue R-250 and destained in
10% acetic acid, 30% methanol in H2O. Gelatinolytic activity was detected as unstained bands on a blue background.

Sodium dodecylsulfate (SDS), EGCG, PMA, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Canada (Oakville,
ON). Electrophoresis reagents were from Bio-Rad (Mississauga, ON).
The enhanced chemiluminescence (ECL) reagents were from Amersham
Pharmacia Biotech (Baie d’Urfé, QC). Micro bicinchoninic acid protein
assay reagents were from Pierce (Rockford, IL). The polyclonal antibodies against Src, phosphorylated Src, Akt, phosphorylated Akt, Erk,
phosphorylated Erk, MEK, phosphorylated MEK were from Cell
Signaling Technology Inc (Danvers, MA, USA), and NTSR3/Sortilin was
from Abcam (Cambridge, UK). The monoclonal antibody against
GAPDH was from Advanced Immunochemical Inc. (Long Beach, CA).
Horseradish peroxidase-conjugated donkey anti-rabbit and anti-mouse
IgG secondary antibodies were from Jackson ImmunoResearch
Laboratories (West Grove, PA).

2.6. Total RNA isolation, cDNA synthesis and real-time quantitative PCR
Total RNA was extracted from cell suspensions or monolayers using
TriZol reagent (Life Technologies, Gaithersburg, MD). For cDNA
synthesis, 2 μg of total RNA were reverse-transcribed using a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City,
CA). cDNA was stored at −80 °C prior to PCR. Gene expression was
quantiﬁed by real-time quantitative PCR using iQ SYBR Green
Supermix (Bio-Rad, Hercules, CA). DNA ampliﬁcation was carried out
using an Icycler iQ5 (Bio-Rad, Hercules, CA) and product detection was
performed by measuring binding of the ﬂuorescent dye SYBR Green I to
double-stranded DNA. The QuantiTect primer sets were provided by
Qiagen
(Valencia,
CA):
MMP-9
(QT00040040),
NTSR1
(Hs_NTSR1_1_SG, QT00018494), NTSR3/Sortilin (Hs_SORT1_1_SG,
QT00073318),
PPIA
(Hs_PPIA_4_SG,
QT01866137),
GAPDH
(Hs_GAPDH_1_SG, QT00079247), and β-Actin (Hs_Actb_2_SG,
QT01680476). The primer sets for NTSR2 were provided by Bio-Rad
(10041595). The relative quantities of target gene mRNA compared
against two internal controls, GAPDH and β-Actin mRNA, were

2.2. Kaplan-Meier survival plot and hierarchical diﬀerentiation trees
analysis
A Kaplan-Meier survival plot analysis was performed using the
Bloodspot (http://servers.binf.ku.dk/bloodspot/) algorithm, which
provides a plot of gene expression in hematopoietic cells at diﬀerent
maturation stages based on curated microarray data [30]. For each of
the four genes tested, we questioned the overall survival using the
“Acute myeloid leukemia (AML) vs normal” dataset as follows: NTS
(206291_at), NTSR1 (207360_s_at), NTSR2 (206899_at), and NTSR3
(SORT1, 212807_s_at). Human AML NK-AML and whole bone marrow
cells [31] were compared to their nearest normal counterpart [32].
Browsing of human hematopoietic gene-expression ﬁngerprints was
also retrieved from that web-based database containing a large number
2
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Fig. 1. High neurotensin and NTSR3 gene expression correlate with poor prognosis in AML
patients. Kaplan-Meier analysis was performed
using transcriptional programs (http://servers.
binf.ku.dk/bloodspot/) addressing a database
of gene expression proﬁles from healthy and
malignant haematopoiesis [30]. The four panels show a survival plot based on a highquality AML data set from The Cancer Genome
Atlas (TCGA) displaying a full Kaplan-Meier
analysis of Neurotensin, NTSR1, NTSR2, and
NTSR3. The survival plots are only available
for human data sets sharing probes with the
microarray platform used by the TCGA. Blue
lines show patients with gene expression below
median levels, whereas red lines show patients
with gene expression above median. Numbers
at risk are shown for each gene tested in all
panels.

measured by following a ΔCT method employing an ampliﬁcation plot
(ﬂuorescence signal vs. cycle number). The diﬀerence (ΔCT) between
the mean values in the triplicate samples of target gene and those of
GAPDH and β-Actin mRNAs were calculated by iQ5 Optical System
Software version 2.0 (Bio-Rad, Hercules, CA) and the relative quantiﬁed
value (RQV) was expressed as 2-ΔCT.

trypsinized adherent cells were seeded (20,000 cells/well) onto CIMPlates 16 (Roche Diagnostics). These migration plates are similar to
conventional Transwells (8 μm pore size) but with gold electrode arrays
on the bottom side of the membrane to provide a real-time measurement of cell migration. Prior to cell seeding, the underside of the wells
from the upper chamber was coated with 25 μL of 0.15% gelatin in PBS
and incubated for 1 h at 37 °C. Cell migration was monitored for 6 h in
the exclusive response or not to 10 μM NTS. The impedance values were
measured by the RTCA DP Instrument software and were expressed in
arbitrary units as Normalized Cell Migration Index. Each experiment
was performed three times in triplicate.

2.7. Cell migration assay
Cell migration assay experiments were carried out using the RealTime Cell Analyzer (RTCA) Dual-Plate (DP) Instrument of the
xCELLigence system (Roche Diagnostics). Suspension cells or
3
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Fig. 2. Hierarchichal diﬀerentiation tree shows increased NTSR3
and MMP-9 expression in high CD11b expressing cells. An interactive hierarchical diﬀerentiation tree was generated using the
“Bloodspot” interface. A) Immunophenotyping details are shown
for each of the cells’ characteristics. B) NTSR3 and MMP-9 expression intensity at each of the diﬀerentiated status is expressed,
with the highest expression observed for each gene in high CD11b
expressing cells. The colour in the nodes represents the median
expression of the queried gene. To accentuate the display in the
trees, node size is also proportional to gene expression.

2.8. Flow cytometry staining protocol and data acquisition

lymphocytes [33], macrophages [34], dendritic cells [35], and during B
lymphocytes prosurvival signaling [8] suggests that NTS/NTSR axis
could modulate immune response and become an appealing pharmacologic target of therapeutic interest. Modulations in the NTS/NTSR
axis therefore warrants more investigation in blood malignancy. We
thus addressed the levels of NTS, NTSR1, NTSR2, and NTSR3 transcript
expression in AML patients using Kaplan-Meyer analysis as described in
the Methods section (Fig. 1). Although limited in clinical samples, data
showed no signiﬁcance for NTSR1 and NTSR2 in the same AML patients
where a potential correlation between poor prognosis and high levels of
both NTS and NTSR3 expression was observed. This analysis emphasizes on NTSR3 expression as a potential poor prognosis biomarker in
AML disease progression, and warrants further investigation regarding
its molecular regulation. When exploring whether a particular karyotype or mutational status occurred in patients with high NTSR3 expression, signiﬁcant enrichment was found in AML patients with
p < 0.05 for inv(16) and trisomy 13, with p < 0.01 for t(8, 16), t(8,21),
and t(11q23)/MLL, and with p < 0.001 for t(15,17).

Following the in vitro PMA-mediated stimulation of HL-60 cells,
culture cells in suspension and cells detached from adhesion were
analyzed by multicolor ﬂow cytometry. An Fc receptor-blocking reagent (Miltenyi Biotec) was used to prevent non-speciﬁc binding of
antibodies. Subsequently, cells were stained and incubated for 1 h at 4
°C with a cocktail of speciﬁc antibodies. To exclude dead cells, a viability dye kit (Invitrogen) was used. Cells were then ﬁxed with a ﬁxation buﬀer (BD Cytoﬁx) and acquired on a BD Fortessa-X20 (BD
Biosciences) ﬂow cytometer. FlowJo V10.2 (FlowJo LLC) software was
used to assess the frequencies and mean ﬂuorescence intensities of
various subsets of cells. Monocytes and macrophages were identiﬁed by
their characteristic forward and side light scatter properties. Cells of the
hematopoietic lineage were identiﬁed through their expression of CD45
(anti-CD45 Alexa Fluor 700 Clone HI30, BD Biosciences). Expressions of
CD14 (BV786 mouse anti-human CD14 Clone M5E2, BD Biosciences)
were used to identify classical, intermediate and non-classical monocytes. CD11b (APC mouse anti-human CD11b Clone D12, BD
Biosciences) was used to identify cells known to exhibit phagocytosis,
chemotaxis and cellular activation. Expression of NTSR3/Sortilin was
assessed with the human Sortilin Alexa Fluor® 488-conjugated antibody
(Monoclonal mouse IgG1 Clone 334703, R&D System).

3.2. Hierarchical diﬀerentiation tree shows increased NTSR3 and MMP-9
expression in CD11bhigh expressing cells
Interactive hierarchical diﬀerentiation trees were generated using
the Bloodspot algorithm as described in the Methods section.
Immunophenotyping details were ﬁrst described and used to discriminate between the several cells statuses involved during hematopoietic diﬀerentiation (Fig. 2A). Interestingly, NTS3 expression intensity was found to increase as the cells diﬀerentiated towards a high
CD11b expression status (Fig. 2B, upper tree). More importantly, we
also observed that matrix metalloproteinase (MMP)-9 gene expression
also correlated with similar diﬀerentiated statuses (Fig. 2B, lower tree).
MMP-9 is well documented to be involved in the disruption of the BBB
[20,36] and in the setting of inﬂammatory processes [37]. The color in
the nodes represents the median expression of the queried gene. To
accentuate the display in the trees, node sizes are also proportional to
gene expression.

2.9. Statistical data analysis
Unless otherwise stated, data are representative of three or more
independent experiments. Statistical signiﬁcance was assessed using
Student’s unpaired t-test. Probability values of less than 0.05 were
considered signiﬁcant and an asterisk identiﬁes such signiﬁcance in the
ﬁgures. Error bars in all ﬁgures represent standard error means (s.e.m.)
values.
3. Results
3.1. High neurotensin and NTSR3 gene expression correlate with poor
prognosis in AML patients
Expression of neurotensin (NTS) and of its receptors (NTSR) in T
4
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Fig. 3. Increased NTSR3 and MMP-9 expression upon PMA-induced diﬀerentiation of promyelomonocytic HL-60 suspension cells into macrophage-like adherent
cells. A) Undiﬀerentiated HL-60 cells classically grow in suspension and can be diﬀerentiated into adherent macrophage-like cells with 0.3 μM PMA. B) CD11b and
CD14 cell surface immunophenotyping was performed by ﬂow cytometry as described in the Methods section to asses the extent of macrophage diﬀerentiation.
Serum-starved undiﬀerentiated HL-60 cell cells were cultured and diﬀerentiated or not with 0.3 μM PMA for 24 h. C) Cells were harvested in order to isolate total
RNA and gene expression assessed by RT-qPCR as described in the Methods section. D) Lysates were also analysed for protein content by Western blotting and
immunodetection performed as described in the Methods section in order to detect NTSR3 and GAPDH. E) The conditioned media of the above experimental
conditions were harvested and the extent of proMMP-9 secretion assessed using gelatin zymography. F) Cell surface immunophenotyping of NTSR3 was performed in
undiﬀerentiated HL-60 cells as well as in PMA-mediated diﬀerentiated macrophage-like cells as described in the Methods section. Probability values of less than 0.05
were considered signiﬁcant and an asterisk identiﬁes such signiﬁcance.

3.3. PMA-induced diﬀerentiation of promyelocytic HL-60 suspension cells
into macrophages triggers NTSR3 and MMP-9 expression

(Fig. 3C). NTSR3 increased expression in diﬀerentiated adherent cells
was further conﬁrmed at the protein level in cell lysates (Fig. 3D),
whereas secreted MMP-9 was also found to be increased as assessed by
zymography from isolated conditioned culture media (Fig. 3E). NTSR3
cell surface immunophenotyping was performed by ﬂow cytometry,
and NTSR3 levels conﬁrmed to increase upon cell diﬀerentiation
(Fig. 3F).

In order to address how any modulation of the NTS/NTSR axis
correlates with the level of mobilization of the cells, we chose to work
with the HL-60 acute promyelocytic leukemia cell line model, which
was appropriately reclassiﬁed as an acute myeloblastic leukemia with
maturation cell model FAB-M2, therefore better approximating AML
[38–40]. Such model allows one to further assess validated attractive
molecular processes involved in vitro diﬀerentiation into granulocytic/
monocytic/macrophage lineage [41]. Of particular interest, PMAmediated diﬀerentiation of HL-60 cell suspensions triggered intense
adherence to plastic (Fig. 3A), and expression of a CD14low/CD11bhigh
macrophage-like phenotype (Fig. 3B). When gene expression was
compared between adherent diﬀerentiated cells and undiﬀerentiated
cells in suspension, NTSR3 was signiﬁcantly induced as well as MMP-9

3.4. Neurotensin internalization increases in PMA-diﬀerentiated
macrophage-like HL-60 cells and requires functional NTSR3
We next assessed the functionality of NTSR3 as it is, in contrast to
NTSR1 and NTSR2 which rather transduce intracellular signaling upon
ligand binding, involved in NTS traﬃcking from the cell surface within
subcellular compartments [42]. Undiﬀerentiated and PMA-diﬀerentiated cells were incubated with ﬂuorescent NTS, and levels of
5
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Fig. 4. Neurotensin internalization is increased
in PMA-diﬀerentiated HL-60 macrophages and
requires NTSR3. A) A representative uptake
assay of ﬂuorescent NTS-FITC was performed
as described in the Methods section in undiﬀerentiated HL-60 cell suspensions (open
circles) and in 0.3 μM PMA-diﬀerentiated
macrophage-like cells (closed circles). NTSFITC internalization for up to 2 h was measured
using ﬂow cytometry. B) NTS-FITC internalization was measured in PMA-diﬀerentiated
cells in the presence or not of non-ﬂuorescent
excess NTS (10 μM), or progranulin (PGRN,
100 ng/ml). Extent of ﬂuorescence was measured using ﬂow cytometry.

intracellular ﬂuorescence assessed by ﬂow cytometry. We found that
NTS internalization was signiﬁcantly increased in adherent macrophage-like cells (Fig. 4A), and that excess of unlabeled NTS or NTSR3
ligand progranulin eﬃciently competed with ﬂuorescent NTS uptake
validating NTSR3 cell surface involvement (Fig. 4B).

macrophages. Cell surface immunophenotyping was performed on undiﬀerentiated HL-60 cells and compared to that of PMA-diﬀerentiated
macrophage cells in the presence or not of EGCG. We found that EGCG
did not prevent cells from adhering to culture plates. However, whereas
the expression of CD14 remained low, that of CD11b was reduced to
levels comparable to undiﬀerentiated cells (Fig. 6A). Furthermore,
EGCG prevented the increases in NTSR3 cell surface (Fig. 6B) and
transcript (Fig. 6C) levels.

3.5. Diﬀerential chemotactic response to neurotensin between
undiﬀerentiated and diﬀerentiated macrophage-like HL-60 cells

3.7. EGCG potentiates the reduced chemotactic response of HL-60
diﬀerentiated macrophages

In order to address the level of cell mobilization upon diﬀerentiation, we next performed a real-time cell migration assay and observed
that macrophage-like adherent HL-60 cells had signiﬁcant higher migratory potential than their undiﬀerentiated counterparts (Fig. 5A).
When chemotactic response to NTS was assessed, cell migration was
found to increase dose-dependently in response to NTS in undiﬀerentiated cells (Fig. 5B), whereas NTS rather triggered a decrease
in diﬀerentiated macrophage-like cell migration (Fig. 5C). In order to
document some of the downstream signaling intermediates involved in
the NTS/NTSR axis, cell lysates from undiﬀerentiated and diﬀerentiated
macrophage-like HL-60 cells were harvested upon NTS stimulation and
Western blotting performed. We observed that NTS triggered phosphorylation of the mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway (Fig. 5D, ﬁrst two columns). Increased basal migration of the macrophage-like diﬀerentiated
HL-60 cell migration was also found to correlate with increased levels
of phosphorylated MEK/Erk as well as of phosphorylated Src (Fig. 5D,
third column). Interestingly, NTS treatment of these cells resulted in the
decrease of the phosphorylated status of MEK/Erk/Src (Fig. 5D, last
column), in line with the decreased cell migration responsiveness to
NTS (Fig. 5C).

Whether EGCG’s ability to decrease NTSR3 expression aﬀected NTS
chemotactic response was next assessed. We found that EGCG reduced
basal migration of undiﬀerentiated cells by ∼20%, while concomitantly prevented NTS-induced chemotaxis (Fig. 7A). On the other
hand, reduced chemotactic response was observed in response to NTS
in macrophage-like HL-60 cells and EGCG further potentiated that effect (Fig. 7B).
4. Discussion
Regulations of immune and inﬂammatory processes are believed to,
in part, take place upon NTS/NTSR signaling axis in T lymphocytes,
macrophages and dendritic cells. Whereas NTS was reported to regulate
mast cell activation, neutrophil chemotaxis, NO generation and cytokine production, its co-regulation with NTSRs remains unclear in several types of cancers. For instance, gene expression was studied in two
malignant B cell diseases and showed that NTSR2 was increased,
NTSR1 was decreased, and NTS was unexpressed in B cell leukemia
patient's cells [8]. However, these expressions did not signiﬁcantly
change in large diﬀuse B cell lymphoma lymph nodes as compared with
benign ones. Recently, NTSR2 was suggested to be an essential driver of
apoptosis resistance in B-cell chronic lymphocytic leukemia (B-CLL)
cells, where it was highly expressed, in contrast to NTS levels, which
were minimal in both B-CLL cells and patient plasma [7]. In the current
study, we found that increased NTS and NTSR3 expression tended to
correlate with poor prognosis in AML patients (Fig. 1). Overall and
given the roles NTSRs play in cancer cell survival, targeting of the NTS/
NTSR functions and signaling axis may legitimately represent a promising therapeutic target.
An arrest in the terminal diﬀerentiation of promyelocytes into

3.6. EGCG prevents PMA-induced NTSR3 gene expression in diﬀerentiated
macrophages
Green tea-derived polyphenol epigallocatechin-3-gallate (EGCG)
was recently found to alter several processes upon PMA-induced macrophage diﬀerentiation of HL-60 cells, and included mRNA stabilizing
factor HuR-mediated transcriptional control of MMP-9 expression [17],
eﬃcient targeting of NF-κB downstream gene products [28], as well as
targeting platelet-derived growth factors-mediated macrophage chemotaxis [43]. We therefore assessed whether EGCG further altered
NTSR3 expression and any aspects associated with diﬀerentiation into
6
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Fig. 5. Diﬀerential chemotactic response to
neurotensin between undiﬀerentiated and differentiated macrophage-like HL-60 cells. A)
Real-time cell migration was performed using
the xCELLigence system as described in the
Methods section in undiﬀerentiated HL-60 cell
suspensions (open circles) and in 0.3 μM PMAdiﬀerentiated macrophage-like cells (closed
circles). Chemotactic response to 10 μM NTS
was performed and cell migration assessed in B)
undiﬀerentiated cells, and in C) 30 μM PMAdiﬀerentiated macrophage-like cells. D) Cell
lysates were harvested upon 18 h NTS stimulation. Protein lysates were then processed for
SDS-PAGE and Western blotting in order to assess the phosphorylation status of Akt, Erk,
MEK, and Src as described in the Methods section.

granulocytes characterizes acute promyelocytic leukemia (APL) and
represents 5–15% of all cases of AML [44]. In the current study, we
speciﬁcally investigated the diﬀerential expression of NTSR1, NTSR2,
and NTSR3 that occurs upon PMA-mediated diﬀerentiation into a
macrophage-like phenotype using an HL-60 promyelocytic cell model.
As such, HL-60 cells have more appropriately been classiﬁed as an acute
myeloblastic leukemia with maturation cell model FAB-M2, therefore
better approximating AML [38]. Among the three NTSRs tested, only
the expression of NTSR3 was signiﬁcantly triggered upon macrophage
diﬀerentiation (Fig. 3), which supports the predicted poor patients’
prognosis observed in Fig. 1. Furthermore, macrophage diﬀerentiation
also correlated with increased chemotaxis, in part explained by the high
MMP-9 levels. Recent evidence in pancreatic beta-TC3 cells suggests
that NTSR2 and NTSR3 are crucial for the anti-apoptotic eﬀect of NTS
[45]. While NTSR1 was suggested as a prognosis marker in breast, lung,

and head and neck squamous carcinomas [46], neither NTSR1 nor
NTSR2 were here found diﬀerentially expressed between healthy and
diseased leukemic patients, prompting to conclude NTSR3 as the best
potent biomarker to further be investigated.
In this study, NTS/NTSR3 axis therefore appears to fulﬁll a signiﬁcant role in the PMA-mediated diﬀerentiation process of promyelocytic HL-60 cells into a macrophage-like phenotype as this correlated
with increases in both NTS internalization and cell migration.
Furthermore, NTS internalization and NTSR3-induced expression in
macrophages was found reversed upon treatment with chemopreventive diet-derived EGCG. Altogether, our observations add up and support those observed previously in HL-60 macrophage-like cells, and
which documented the pleiotropic EGCG targeting including the MMP9 mRNA stabilizing factor HuR [17], numerous NF-κB downstream gene
products [18], as well as sphingosine-1-phosphate-mediated signaling
7
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Fig. 6. EGCG prevents PMA-induced NTSR3 gene expression
in
diﬀerentiated
macrophages.
A)
Undiﬀerentiated HL-60 cell suspensions were diﬀerentiated into adherent macrophage-like cells with 0.3
μM PMA or a combination of PMA and 30 μM EGCG for
18 h in serum-deprived media. Cells were then immunophenotyped for CD11b and CD14 cell surface
expression by ﬂow cytometry as described in the
Methods section. B) NTSR3 immunophenotyping was
similarly performed as above on undiﬀerentiated cells,
and diﬀerentiated cells in the presence or not of 30 μM
EGCG. C) Total RNA was isolated as described in the
Methods diﬀerentiated cells in the presence or not of 30
μM EGCG and RT-qPCR performed in order to assess
PPIA and NTSR3 gene expression levels.

[43]. EGCG targeting of NTSR3 cell surface expression and cellular
function now demonstrates that this can possibly also alter several
other NTSR3 functions such as those involved in the control of

inﬂammation through regulation of cytokine secretion [47]. Recent
evidence supporting such impact of EGCG on cytokine secretion was
also provided on circulating mesenchymal stromal cells, which are
8
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Fig. 7. EGCG potentiates the reduction in chemotactic response of HL-60 diﬀerentiated
macrophages. A) Real-time cell migration assay
was performed using the xCELLigence system
as described in the Methods section.
Chemotactic response to NTS in the presence or
not of EGCG was performed in A) undiﬀerentiated HL-60 cell suspensions, and in B)
0.3 μM PMA-diﬀerentiated macrophage-like
cells. Probability values of less than 0.05 were
considered signiﬁcant and an asterisk identiﬁes
such signiﬁcance. % decreases are shown in
between brackets.

Fig. 8. Schematic representation of the molecular signature associated to the PMA-induced macrophage-like phenotype, and implications in brain immune evasion strategies. Undiﬀerentiated
promyelocytic HL-60 cells express basal levels of NTSR1, NTSR2,
and NTSR3. PMA-induced diﬀerentiation triggers a macrophagelike phenotype associated with increased NTSR3 expression and
function (high NTS internalization), as well as increased MMP-9
and phosphorylation status of Erk/MEK/Src. High basal migration
is associated with lower NTS responsive index. Treatment with
EGCG inhibits the acquisition of a macrophage-like phenotype,
lowers NTSR3 and MMP-9 expression, and potentiates the NTS
decrease in cell migration. Altogether, given immune cells can
migrate into the brain parenchyma, acquisition of a macrophagelike phenotype may contribute to immune evasion strategies.

believed to be avidly recruited within vascularizing tumors [48,49],
possibly through secretion of colony-stimulating factor (CSF)-2 and
CSF-3 [50].
NTS implication in tumor growth processes includes anti-apoptotic
and cell proliferation functions as previously reported in various types
of human colon, prostate, lung, pancreas, and breast cancer cell lines
[51]. Involvement of NTS was also reported in inﬂammation [52,53],
cytokine production [54,55], enhancement of phagocytosis [56], and
nitric oxide (NO) generation [57]. Tumor growth is associated with
chronic inﬂammation and is mediated through various immune cells
among which the highly inﬁltrative phenotype of macrophages account
for ∼30%-50% of the tumor mass [56]. NTS signaling has also recently
found to cross-link inﬂammation and epithelial-mesenchymal transition
(EMT)-related tumor migration [1]. NTS/NTSR signaling axis therefore
plays an important role in the acquisition of an invasive phenotype
which is in fact prerequisite to metastatic spread. How NTSR3 can
participate to such process needs to be further investigated. Interestingly, NTSR3 association with transforming growth factor (TGF)-β

family proteins was recently found to negatively regulate TGF-β signaling by enhancing lysosome-mediated degradation [58]. Critical roles
have been inferred to TGF-β as a pro-tumorigenic factor regulating EMT
induced by TGF-β [59]. Thus, targeting TGF-β signaling, especially at
early stages of tumorigenesis, may be useful for the treatment or prevention of some cancers [60]. In light of this, the chemopreventive
properties of EGCG have been reported to inhibit TGF-β-induced EMT
[61–64] and cell invasion [65].
An important original and intriguing aspect of our study relies upon
the dual functions that NTS appears to exert on cell migration upon HL60 cell diﬀerentiation into macrophages. Whereas, NTS-mediated chemoattraction of undiﬀerentiated promyelocytic HL-60 cells triggered
Erk and MEK phosphorylation, it rather reduced migration once cells
adopted a macrophage-like phenotype (Fig. 5D). While NTSR3 involvement in brain macrophage microglia migration was previously
reported [66,67], here we show that increased NTSR3 cell surface expression correlated with increased migratory phenotype in diﬀerentiated macrophages through, in part, increased basal levels of
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phosphorylated Erk/MEK and Src (Fig. 5D). This is in line with increased Src kinase activity which was recently shown to be associated
with diﬀerentiating macrophages [68]. Additionally, NTSR3 knockdown led to dramatic decreases in Src phosphorylation and neuroendocrine tumor cells migration [69], as well as in triple-negative
MDA-MB-231 cells [14]. In our study, NTS in conditions of high NTSR3
expression as found in macrophages, rather led to a decrease in Erk/
MEK/Src phosphorylation status possibly because NTS was not made
available for NTSRs signaling. A combination of two lines of evidence
can, in part, explain such eﬀect. The ﬁrst evidence relies on the regulation of the subcellular localization of NTSR3 which controls NTS
internalization and traﬃcking [70]. In fact, it is postulated that two
distinct NTSR3 pools are responsible for either NTS endocytosis from
the cell surface, or sorting of internalized NTS to the Trans-Golgi network. Regulation of the partitioning processes of these NTSR3 pools
upon macrophage diﬀerentiation remains to be addressed and may
favor NTS internalization and degradation. The second evidence relies
on the cell surface heterodimerization capacity of NTSRs/NTSR3 complexes which can ultimately modulate NTS signaling [71]. As such, it
was elegantly demonstrated that increased expression of NTSR3 led to
increased NTSR1/NTSR3 complexes and decreased potency of NTSR1
to activate phospholipase C and to stimulate PI production [71].
Moreover, similarly to the eﬀects observed in our study, the presence of
increased NTSR3 lowered the sensitivity of NTS to stimulate the
phosphorylation of MAP kinases [71]. Of interest, PMA-mediated
shedding of a soluble form of NTSR3 was reported from HT29 colorectal
cancer cell surface, where it was hypothesized to modulate NTS biological eﬀects [72].
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